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A general kind of Brownian vortexes are demonstrated by applying an external nonconservative 
force field to a colloidal particle bound by a conservative optical trapping force at a liquid-air 
interface. As the liquid medium is translated at a constant velocity with the bead trapped at the 
interface, the drag force near the surface provide enough rotational component to bias the particle's 
thermal fluctuations in a circulatory motion. The interplay between the thermal fluctuations and 
the advection of the bead in constituting the vortex motions is studied, inferring that the angular 
velocity of the circulatory motion offers a comparative measure of the interface fluctuations. 



PACS numbers: 87.80.Cc, 82.70.Dd, 68.03.-g, 05.40.Jc 



Since the development of single beam gradient-force 
optical trap pj it has become a very effective and use- 
ful tool to perform single-molecule experiments. Starting 
from the manipulation of nanoparticles to the study of 
cellular processes, optical tweezers are the most widely 
used mechanism to apply or measure forces as small as 
piconewton or even femtonewton Q. In most of these 
experiments the optical tweezer is modeled as a Hookean 
spring, creating a harmonic potential well for the trapped 
particle. Though the conservative part of the force field, 
namely the gradient force can be described best in that 
manner, the scattering force which is nonconservative in 
nature is completely ignored. The influence of the scat- 
tering force field on the dynamics of a colloidal particle in 
an optical trap has been studied rather recently Q . The 
solenoidal force field biases the thermal fluctuations of 
the trapped particle and drives it to a steady state where 
its probability flux traces out a toroidal vortex. This phe- 
nomenon, with a more detailed examination, has later 
been defined as Brownian vortex [H, Q. However, this 
toroidal bias in the short-time motion of a trapped bead 
is too subtle to be perceived and do not affect the exper- 
iments in any way, unless, (a) the power of the trapping 
beam is extremely low to permit the trapped particle to 
access a large volume, and (b) a very long trajectory or 
the ensemble average of many short trajectories is ana- 
lyzed. With only a few studies reported on this so far 
[3|— lS|] , Brownian vortex remains as a very intriguing but 
comparatively less explored area in statistical physics. 

A Brownian vortex is distinguished as to reflect the 
interplay between advection, under the influence of the 
nonconservative force field and diffusion of a particle 
about the point of minimum potential set by the con- 
servative force field. Therefore it has commonly been 
observed in the case of a particle in a weak optical trap 
where the scattering force adds the nonconservative part 
to an otherwise conservative force field generated by the 
gradient force. However, since the scattering force and 
the gradient force are interconnected by many factors, 
e.g. the size of the particle, its refractive index contrast 
at the working wavelength etc., it is not possible to tune 
these two forces independently and thus to modulate the 
interplay. In this communication, we report a more gen- 



eral form of Brownian vortex that is operational even 
in strong optical traps with evidently visible circulatory 
bias in the thermal fluctuations of a trapped bead and 
thereby address some of its generic characteristics, which 
can also be used to probe the statistical properties of the 
medium. In our experiments we have applied an external 
solenoidal force field on a particle held in the potential 
well of an optical trap to constitute a Brownian vortex. 
This mechanism enables us to vary both the conservative 
and the nonconservative force fields independently and to 
study this phenomenon extensively in a wide domain. 

We have trapped a colloidal bead at a liquid-air in- 
terface and translated the sample stage at a constant 
velocity in order to observe a Brownian vortex. As the 
sample stage is driven with a constant velocity, the drag 
force on the trapped particle at the interface provides a 
nonconservative force field that can be modulated easily 
by changing the speed of the drive. It is important to 
note that the lines of force created by the Stokes drag 
in this scenario are parallel to each other and equal in 
magnitude in the bulk. In other words, the Stokes drag 
experienced by a submerged bead while the surrounding 
fluid is moving at a constant velocity is independent of its 
position. Therefore a similar experiment performed with 
the bead trapped in the bulk liquid medium would not 
exhibit a Brownian vortex However, the viscosity and 
thereby the Stokes drag force changes dramatically as the 
liquid-air interface is approached fiol fll| . A particle ex- 
periences increased mobility (parallel to the interface), 
or reduced friction as it comes closer to the surface re- 
flecting the interface's inability to support a shear stress. 
Near the liquid-air interface, which permits perfect slip, 
the viscosity becomes an increasingly sensitive function 
of the z-depth. In addition, the surface tension starts 
playing a role when the bead, trapped at the interface, 
is dragged along the surface. With all these factors the 
drag force field does not remain uniform near the inter- 
face and provide finite rotational component to bias the 
particle's thermal fluctuations in a circular motion. The 
simultaneous presence of advection of the particle due to 
the Stokes drag, which is a function of its z-position, and 
the Brownian diffusion in the optical trap results in a 
Brownian vortex. 
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FIG. 1: (Color online) (a) The schematic of the experimental 
setup is shown. A colloidal bead is trapped at the liquid-air 
interface and its instantaneous position (in the XF-plane) is 
probed with the help of a quadrant photo diode (QPD). The 
sample cell is translated with a constant velocity v while the 
bead is held stationary by the optical trap, (b) The QPD 
signals in both stage velocity off and on state are displayed. 
As the stage velocity is set on, the QPD signals show large 
sinusoidal variations where a strong correlation is apparent. 



In our experiments a polystyrene bead of diameter 
2.03 \xm is trapped at a water-air interface. The opti- 
cal tweezer is formed by tightly focusing an infra-red (A 
= 1064 nm) laser beam through a 63x, 1.4 N.A. ob- 
jective fitted to an inverted microscope. A sample cell 
is formed by two cover glasses with an O-ring sealed in 
between as spacer. A small amount of diluted colloidal 
aqueous suspension is loaded in the cavity of the O-ring 
before covering it with the top cover glass. The volume 
of the sample used is measured appropriately to make 
a 20-25 fim high liquid column inside the sample cell. 
A colloidal bead is first trapped and then brought to 
the liquid-air interface which is fairly above the bottom 
plate so that any solid-liquid interface effect can be ne- 
glected in this experiment. The trapped bead is pulled 
up slowly to the interface by continuously moving the fo- 



cal plane upwards until the trapped bead just goes out 
of focus. At this point the focal plane crosses the in- 
terface but the particle remains bound at the interface. 
The focal plane is then moved down a bit to bring back 
the trapped bead fully in focus. To track the particle's 
fluctuations a red (A = 680 nm) laser beam is sent along 
with the infrared laser beam. The trapped bead is im- 
aged by this tracking laser beam on to a quadrant photo 
diode (QPD). A schematic of the experimental setup is 
shown in Fig HJa). The output current signals of the 
QPD (at 3 kHz) is amplified and converted into voltage 
signals that directly correspond to the particle's position 
fluctuations at the focal plane through the calibration 
factors. At this point the QPD signals reflect the diffu- 
sion motion of the trapped bead at the interface. The 
sample stage is then given a constant velocity v along x 
by sending proper voltage signals to the nanopositioner 
which holds the sample cell. Every positive X motion 
(positive value of v) of 10s duration is traced back with 
a similar negative X motion (negative value of v) with a 
pause of 20s in between and this cycle is iterated several 
times to improve the statistics of our data. The QPD 
signal is recorded continuously in this process. The ex- 
periment is repeated for four different stage velocities, 
from 10 fj/m/s to 40 (im/s and for two different samples, 
water and 1 wt% CTAT (cetyltrimethylammonium tosy- 
late), at varying laser powers. The laser powers used in 
these experiments are 50 mW (for water), 75 mW and 
100 mW (for 1 wt% CTAT) at the sample plane, which 
correspond to trap stiffness of 4.9 pN/fJ,m, 7.3 pN/fxm 
and 9.7 pN/fim respectively, as measured in bulk water 
for the same bead. 

As soon as the stage velocity (v) becomes non-zero 
the QPD signal changes dramatically, as shown in Fig. 
QJb). With v ^ 0, the QPD signals show a large sinu- 
soidal variation in both X and Y positions and reflect 
a circulatory motion in the XK-plane when represented 
as a phase space plot (Fig. [5]). This circulatory mo- 
tion represents a 2D projection in the XF-plane of a 3D 
Brownian vortex. Because of the experimental limita- 
tions, the instantaneous z-position of the bead cannot 
be probed simultaneously in this experiment. For these 
large modulations in X and Y signals the QPD sum sig- 
nal (of all four quadrants) does not faithfully convey the 
position fluctuations along Z. In addition, the QPD sum 
signals from different experiments cannot be compared 
to comment on the initial z-position of the bead (when 
the variation in X and Y signals are not large) since 
the sum signal is sensitive to many other factors other 
than the z-position fluctuation of the bead and those fac- 
tors change significantly from one experiment to another. 
Though the holographic imaging technique [3j allows si- 
multaneous measurement of all the three coordinates of 
the bead's position, it was not employed because of its 
limitation in frame rate. In this study we preferred to 
capture the trapped bead's trajectory at high bandwidth 
(3000 data points per second) where the circular bias in 
the position fluctuations of the colloidal particle becomes 
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visible. Nevertheless, the 2D projection that we observe 
here exhibits all the three distinguishing characteristics 
of a Brownian vortex Q , as it (a) represents the diffusion 
of the particle in a static force field, (b) would attain a 
mechanical equilibrium (at a shifted x position) in the 
absence of thermal fluctuations (along Z), and (c) has a 
steady-state probability flux. At the interface, the drag 
force becomes sensitive to the z-position of the bead and 
therefore the thermal fluctuations of the bead along Z 
picks up a strong rotational bias to constitute a Brow- 
nian vortex that is visibly evident (Fig. A similar 
experiment with the particle trapped in the bulk fluid 
does not manifest a Brownian vortex, rather probes the 
microrheological properties of the medium [9( because 
the force field produced by Stokes drag does not have 
non-zero rotational component there. It would be worth 
mentioning that in the present case both the gradient 
force field and the static nonconservative force field are 
quite strong compared to the available thermal energy 
of the trapped bead, which indicates that this Brownian 
vortex can work even when the thermal fluctuations are 
small. 

Two typical circulatory motion of a trapped bead at 
the water-air interface for stage velocities v = 30 /im/s 
and v — -40 fim/s are displayed in Fig. [5] at left and 
right column respectively. The first row exhibits the mo- 
tion for entire 10s duration and the remaining rows show 
the time snaps to represent the dynamical characteris- 
tics. It is apparent from the time snaps that the angu- 
lar velocity (O) increases with increasing stage velocity. 
However, the direction of the circulatory motion changes 
randomly in repeated observations at the same settings 
without having any correlation with the direction of stage 
velocity. This property could be attributed to the fact 
that the plane of the vortex motion in 3D can make a 
positive or negative angle, in an arbitrary fashion, with 
the XZ-pla,ne thereby causing a change in the direction 
of the observed circulation which is a 2D projection on 
the XY plane. The starting point of the vortex, which is 
also the equilibrium position of the trapped bead in drive 
off state, is denoted by (xo,yo) and the center (average 
position) of the vortex is represented as (xd,yd)- While 
the displacement along X, Aa; (= Xd — xq) shows a de- 
terministic dependence on the direction of stage velocity 
v, Ay (= yd — yo) takes positive or negative values in a 
completely random manner. The stochastic behavior of 
Ay and the direction of the circular motion go well along 
with the above argument. 

The circulatory motion of the trapped bead at the 
interface has been studied extensively at different set- 
tings. To investigate the influence of interface fluctua- 
tions on this Brownian vortex, the experiment has also 
been performed at the liquid-air interface of a viscoelastic 
fluid. The surfactant CTAT solution (1 wt%) in water 
has higher surface tension which ensures lower level of 
interface fluctuations. Brownian vortexes are observed 
at the liquid- air interface for both the samples, though 
with different angular velocities. The experiments with 
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FIG. 2: (Color online) The phase diagram of two typical 
Brownian vortexes are displayed. In both the cases the col- 
loidal particle is trapped at water-air interface. The sample 
stage velocities (along X) are v = 30 fim/s and - 40 fim/s 
in the left and the right column respectively. The top row 
shows the circulatory motions for over a complete 10s, while 
the remaining rows exhibit three time snaps. The circle marks 
indicate the equilibrium trapping position, (xo,yo), which is 
the starting point of the observation; and the star marks de- 
note the center of the vortexes, (xd, .'/<-;)• Supplementary video 
files show the animation of these vortex motions. 



1 wt% CTAT solution were done at different laser pow- 
ers. While the experiments at water-air interface were 
performed at 50 mW laser power, 75 mW and 100 mW 
laser powers have been used for the case of 1 wt% CTAT, 
with the same stage velocities (u). A higher laser power, 
and hence, a stronger trap helps balancing the greater 
drag force in experiments with the CTAT sample. Fig. 
[3] displays the angular velocity (fi) of the ciculatory mo- 
tions at varying stage velocities, v, for all the three cases. 
They exhibit a linearly increasing trend with v in each 
case irrespective of the sample or the laser power used, 
demonstrating the influence of the advective force in the 
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FIG. 3: (Color online) The angular velocity of the Brownian 
vortexes have been plotted against the stage translation speed 
v for three different cases. The lines are the linear fit to the 
plots. 
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FIG. 4: (Color online) The displacement along X, Ax, has 
been plotted against the stage velocity v for two different 
cases. The dashed line is a linear fit to the water data. The 
solid line is a guide to eye for the CTAT data. Inset: Shear 
thinning at CTAT-air interface. The solid line is a guide to 
eye. 



vortex motion. The angular velocity, f2, of the Brownian 
vortexes at the water-air interface increases most sharply 
with the stage velocity (v). In case of the CTAT-air in- 
terface, the angular velocities are less, and also less sen- 
sitive to the stage velocity, v, as compared to the water- 
air interface. It is also evident from the plots that a 
higher laser power results in a slower angular velocity 
of the vortex motion as the position fluctuations of the 
bead become more restricted. In other words, a stronger 
conservative force field confines the particle to a greater 
degree where the reduced Brownian fluctuations extract 
less amount of work from the nonconservative force field. 
This clearly manifests the origin of the observed circu- 
latory motions of the trapped bead at the interface and 
recognizes them as the Brownian vortexes. 

It would be important to clarify here that the observed 
circulatory motions of the trapped bead at the liquid-air 
interface are free from other effects i.e. thermal convec- 
tion. Local heating does not cause a convective current 
here as before switching on the stage velocity the trapped 
bead does not show any circular motion. With increas- 
ing laser power the speed of rotation does not show an 
increment, it rather decreases. 

A trapped particle inside a moving bulk fluid reaches 
to a mechanical equilibrium at a displaced position and 
its displacement Sx from the trap center compares the 
Stokes drag with the spring constant k of the optical 
trap through the equation kSx — Q-n-qav, where the right 
hand side is the Stokes drag, rj, a and v being the vis- 
cosity of the fluid, radius of the bead and the veloc- 
ity of the fluid respectively. However, the Stokes drag 
changes significantly and dramatically as the liquid-air 
interface is approached, where even the value of r\ gets 
modified from that in the bulk. The displacement of 
the trapped bead would still provide a comparison of the 
nonconservative drag force to the conservative gradient 
force. For these Brownian vortexes at the interface, the 



trapped particle maintains a dynamic equilibrium with a 
steady-state probability flux circulating around the point 
{xd, yd), which in other words represents the average po- 
sition of the particle in the drive on-state. The displace- 
ments Ax has been plotted against the stage velocities v 
for two comparable cases in Fig. 2J A greater drag force 
at the CTAT-air interface is balanced by a stronger trap 
and results in a comparable displacement Ax. For the 
water-air interface, Ax follows a linear trend with the 
stage velocity v, while shear thinning is observed at the 
CTAT-air interface. Applying the Stokes drag equation 
at the interface, viscosity 77 (= A£_£_) j s calculated, tak- 
ing k value for the CTAT-air interface (determined from 
(<5x 2 ) at v = 0), at varying stage velocities, as shown in 
the Inset of Fig. @] The calculated viscosities in this case 
are about 15% smaller that that obtained in an active 
microrhcology experiment in the bulk [9]. Though the 
trapped particle exhibit Brownian vortexes at the mov- 
ing interface, its average position displacements nonethe- 
less show similar trends as that of a bead trapped inside 
the bulk medium. 

The ratio of the drag force to the gradient force, given 
by Ax, is quite comparable in the two cases as shown 
in Fig. 2J However, the angular velocity of the Brown- 
ian vortexes at those two settings, water-air interface at 
50 mW laser power and CTAT-air interface at 100 mW 
laser power, are very different. This clearly establishes 
that a reduced z-position fluctuations of the bead at the 
CTAT-air interface, because of less interface fluctuations, 
in addition to a stronger trap, compared to the case of 
water-air interface, cannot extract as much energy even 
from an enhanced nonconservative force field. If these ex- 
periments are performed on two liquid samples with sim- 
ilar viscosity but different surface tensions, the influence 
of the interface fluctuations in formation of a Brownian 
vortex at the interface would be more prominent. 
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In summary, we have observed a general kind of Brow- 
nian vortex where an external nonconservative force field 
has been applied to bias the thermal fluctuations of a har- 
monically bound particle in a circulatory motion. The 
position fluctuations of a colloidal bead trapped at a 
liquid-air interface extract work from the rotational com- 
ponent of the drag force field near the surface to consti- 
tute a Brownian vortex. The angular velocity of this 
vortex motion is directly correlated to the particle's po- 
sition fluctuations at the interface, which offers an useful 



probe to different statistical properties of the interface; 
interface fluctuations, or intermittency therein (may be 
caused by an external shear drive) and the frequency de- 
pendent surface tension, or in a more general sense, the 
viscoelastic properties of the interface being the most im- 
portant and interesting examples. 
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